Spinal muscular atrophy (SMA) is caused by homozygous loss of the survival motor neuron (SMN1 ) gene. In virtually all SMA patients, a nearly identical copy gene is present, SMN2. SMN2 cannot fully compensate for the loss of SMN1 because the majority of transcripts derived from SMN2 lack a critical exon (exon 7), resulting in a dysfunctional SMN protein. Therefore, the critical distinction between a functional and a dysfunctional SMN protein is the inclusion or the exclusion of the exon 7 encoded peptide. To determine the role of the 16 amino acids encoded by SMN exon 7, a panel of synthetic mutations were transiently expressed in SMA patient fibroblasts and HeLa cells. Consistent with previous reports, the protein encoded by SMN exons 1 -6 was primarily restricted to the nucleus. However, a variety of heterologous sequences fused to the C-terminus of SMN exons 1 -6 allowed mutant SMN proteins to properly distribute to the cytoplasm and to the nuclear gems. These data demonstrate that the SMN exon 7 sequence is not specifically required, rather this region functions as a non-specific 'tail' that facilitates proper localization. Therefore, a possible means to restore additional activity to the SMND7 protein could be to induce a longer C-terminus by suppressing recognition of the native stop codon. To address this possibility, aminoglycosides were examined for their ability to restore detectable levels of SMN protein in SMA patient fibroblasts. Aminoglycosides can suppress the accurate identification of translation termination codons in eukaryotic cells. Consistent with this, treatment of SMA patient fibroblasts with tobramycin and amikacin resulted in a quantitative increase in SMNpositive gems and an overall increase in detectable SMN protein. Taken together, this work describes the role of the critical exon 7 region and identifies a possible alternative approach for therapeutic intervention.
INTRODUCTION
Spinal muscular atrophy (SMA) is a neurodegenerative disorder characterized by loss of the a-motor neurons of the spinal cord, resulting in progressive atrophy of the limb and trunk muscles (1) . SMA can be divided into three clinical subgroups, on the basis of age of onset and severity of the symptoms (1, 2) . In all instances, SMA is caused by mutations affecting the survival motor neuron (SMN ) gene (3, 4) . Two nearly identical copies of SMN are present on chromosome 5q13 : SMN1 and SMN2 (3). SMN2 cannot fully compensate for the loss of SMN1 because the majority of SMN2-derived transcripts are alternatively spliced and encode a truncated protein that is unstable and only partially functional. The SMN1 allele produces high levels of a full-length SMN transcript of nine exons encoding 294 amino acids. A translation termination codon is present at the 3 0 end of exon 7; therefore, in the full-length transcript, exon 8 is non-coding (3). In contrast, SMN2 produces low levels of the full-length protein and high levels of an aberrantly spliced form that lacks exon 7 (SMND7) (3, 5) . This alternative splicing event is caused by a silent 'C' to 'T' transition, which disrupts an exon splicing # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org enhancer site six nucleotides into SMN exon 7 (5, 6) . Owing to the exclusion of exon 7, translation of SMND7 is terminated at a stop codon four amino acids into exon 8 (3) .
Humans are the only species that contain the SMN2 gene (7, 8) ; however, SMN2 performs an essential role in the development of disease and is an important modifier of disease severity. Accordingly, the number of SMN2 copies generally correlates with disease severity: increased SMN2 copies result in a decrease in disease severity (9 -11) . Although essentially all SMA patients retain at least one copy of SMN2 (3, 4) , the native SMN2 gene and its transcripts have been perceived as ideal candidates for therapeutic intervention.
The 38 kDa SMN protein is ubiquitously expressed and localizes to the cell cytoplasm, the nucleolus and to the punctate nuclear structures, called gems (gemini of coiled bodies) or Cajal bodies (12 -14) . In cells and tissues from SMA patients, the number of gems is reduced such that in tissue derived from severe patients, fewer than five gems per 100 nuclei are observed relative to unaffected tissues in which 75-100 gems per observed in 100 nuclei (11, 15, 16) .
The SMN protein has been shown to be involved in U snRNP biogenesis and pre-mRNA splicing (17 -19) , transcription (20, 21) , nucleocytoplasmic transportation (22) , apoptosis (23 -25) and ribosomal assembly (14, 26) . The SMND7 protein interacts less efficiently with essentially all SMN-interacting factors and is defective in most functional assays. Although SMN exon 7 does not directly mediate the multitude of SMN activities, the requirement for exon 7 is likely indirect and based on its role in SMN self-association and protein stability. A number of groups have demonstrated that SMN functions at least as a dimer; therefore, self-association is a prerequisite for SMN activities. In the absence of efficient self-association, essentially all downstream activities are disrupted to a degree that reflects the defect in self-association (27, 28) . It remains unclear why removal of the small 16 amino acid sequence encoded by exon 7 destabilizes the protein to such an extent. It has been suggested that a five amino acid sequence in exon 7 (QNQKE) is responsible for SMN cytoplasmic localization (29) , although it is currently unclear whether this region is necessary for SMN localization in the context of the endogenous SMN protein (30) .
Here, we demonstrate that a variety of native and synthetic C-terminal amino acids can restore wild-type SMN subcellular localization patterns when fused to SMN exons 1-6. Substitution of the native SMN exon 7 with a variety of heterologous sequences that varied in length and amino acid composition, demonstrate that the SMN protein requires a non-specific C-terminal peptide, which allows proper targeting of the SMN protein to the cytoplasm and nuclear gems. In addition, fusion of amino acids derived from exon 8 onto the C-terminus of SMN exons 1-6 functionally substitutes for the excised exon 7 sequences. On the basis of these observations, a panel of aminoglycosides were tested for their ability to induce SMN protein levels in SMA patient fibroblasts. These drugs were chosen on the basis of their ability to suppress stop codon identification (31 -39) , which in the case of SMND7, would result in a protein with an additional five amino acids. Although some drugs were highly toxic, tobramycin and amikacin resulted in significantly higher levels of SMN-positive gems in SMA type I fibroblasts and total SMN protein levels. Taken together, these experiments demonstrate a critical function for the SMN C-terminus and highlight a novel therapeutic approach for the treatment of SMA.
RESULTS

Distribution of SMN mutants in HeLa cells and SMA type 1 patient fibroblasts
To investigate the role of the peptide encoded by SMN exon 7 in the subcellular distribution of the SMN protein, a series of SMN exon 7 mutant constructs were generated (Fig. 1A) . These included a construct that consisted exclusively of SMN exons 1 -6 (SMN 1-6); the primary product from SMN2, SMND7, which encodes SMN exons 1 -6 and the first four amino acids from exon 8 (SMND7) and three SMN constructs with premature stop codons introduced to create an exon 7 of four (SMN 7 -4), nine (SMN 7 -9) or 14 (SMN 7 -14) amino acids (Fig. 1A) . In each of these three instances, the remaining exon 7 sequences were native exon 7 sequences.
Each of the epitope-tagged (HA) SMN cDNAs were transiently transfected in HeLa cells and SMA type I patient fibroblasts (3813) (Fig. 1B and C) . The 3813 cells do not contain SMN1 but do contain at least two copies of SMN2; therefore, endogenous SMN protein levels are exceptionally low and gems occur infrequently (approximately five gems per 100 nuclei) (12, 15) . As expected, transiently expressed fulllength SMN localized to punctate nuclear bodies and also resulted in diffuse cytoplasmic staining (Fig. 1B and C) . Consistent with previous findings, SMN 1-6 displayed a predominantly nuclear localization in HeLa cells, with the majority of the HA-tagged SMN protein found in large nuclear aggregates ( Fig. 1C) (29) . In contrast, the SMN2-derived SMND7 construct and each of the constructs with a truncated exon 7 displayed patterns similar to wild-type SMN, with high levels of diffuse cytoplasmic protein and numerous nuclear gems (Fig. 1C) . Similarly, a construct in which the reported exon 7 nuclear export sequence QNQKE had been replaced by a motif of five alanine residues (DQNQKE) was tested. In 3813 (Fig. 1B) and HeLa cells (Fig. 1C) , this construct displayed a subcellular distribution similar to full-length SMN, resulting in high levels of cytoplasmic SMN and abundant nuclear foci. This suggests the cytoplasmic targeting of SMN is mediated by the C-terminal peptide in a nonsequence-specific manner and does not specifically require the QNQKE sequence for cytoplasmic localization.
To further test the hypothesis that the requirement for SMN exon 7 was non-sequence-specific, we produced a panel of SMN mutant constructs derived from SMND7. This series of mutations created synthetic fusions at the C-terminus of SMND7 by fusing sequences derived from the non-coding sequence of SMN exon 8. The first mutant, named , contains an 18 bp deletion that removes the first stop codon of exon 8 and causes a shift in the reading frame. This frame shift results in the translation of a 16 amino acid peptide, derived from exon 8 sequences, equivalent in size to the deleted exon 7 (Fig. 1A) . This construct has been further altered by the incorporation of stop codons, to produce mutants containing the first seven (8 -7), 10 (8 -10) and 14 (8 -14) amino acids of exon 8 (Fig. 1A) . These constructs were transiently expressed in HeLa (data not shown) and 3813 cells (Fig. 1B) . All mutant constructs examined produced a pattern similar to full-length SMN (Fig. 1B) . In contrast to SMN 1-6 ( Fig. 1B and C) which was retained exclusively in the nucleus, constructs comprising SMN exons 1 -6 fused to a variety of C-terminal sequences derived from exon 7 or 8 are present in the nuclear gems and diffusely throughout the cytoplasm (Fig. 1B ). These results demonstrate that proper SMN subcellular distribution can be achieved by a variety of heterologous C-terminal peptides and that SMN cytoplasmic localization does not specifically require SMN exon 7 sequences. Although tethering a four amino acid peptide to the C-terminus of the 1 -6 appeared to restore the proper cellular distribution of the SMN protein, the addition of four amino acids must not confer complete functionality to the SMN truncated protein because SMND7 is unstable and essentially no SMN protein can be detected in 3813 cells (skin fibroblasts from an SMA type I patient). The 5 0 end of exon 8 contains two stop codons: the first stop codon occurs after the fourth codon and is utilized in the production of SMND7; the second stop codon, which is within the 3 0 untranslated region of exon 8, is present an additional 18 nt downstream from the native stop codon. Therefore, if the native stop codon of SMND7 could be experimentally induced to be 'read-through', the resulting SMND7-derived protein would consist of exons 1-6 and nine amino acids derived from exon 8. This artificially lengthened C-terminal peptide could confer higher levels of functionality and stability when compared with the SMND7 protein.
To test whether the SMND7 read-through product resulted in subcellular distributions similar to wild-type SMN, a readthrough SMND7 product (SMN KO ) was generated (Fig. 1A) . To create the SMN KO construct, the SMN 1-6 coding sequence was fused to the first 30 nt derived from SMN exon 8, with the exception that the native stop codon for SMND7 transcripts was mutated to encode for an alanine residue. The SMN exon 8 sequence encoded nine amino acids in total, followed by a stop codon. Transiently expressed SMN KO displayed a similar distribution pattern to full-length SMN in HeLa cells and 3813 fibroblasts, as evidenced by the abundant levels of cytoplasmic SMN and SMN-positive nuclear foci ( Fig. 1B and  C) . Therefore, we hypothesized that treatment of SMA patient fibroblasts with compounds that suppressed the accurate identification of the SMND7 stop codon would allow the incorporation of additional amino acids derived from exon 8 that could further stabilize the SMND7-derived protein.
Aminoglycosides are a group of drugs that comprise a number of FDA approved antibiotics that can alter protein synthesis in mammalian cells by disrupting translational fidelity, resulting in the incorporation of an amino acid at stop codon positions (31 -39) . To determine whether aminoglycoside administration could increase gem numbers and total SMN protein levels in SMA patient fibroblasts, 3813 cells (human type I SMA patient fibroblasts) were treated with a select group of aminoglycosides. Several hundred aminoglycosides are commercially available; however, in this study, we selected drugs that had been previously characterized regarding the ability to induce the misincorporation of stop codons or premature termination codons (31 -39) . The effect of aminoglycoside treatment on 3813 patient fibroblasts was determined using a panel of antibiotics in a range of concentrations (75 and 150 mg/ml) previously shown to alter translational fidelity in eukaryotic cells: amikacin, geneticin, gentamicin, lividomycin, streptomycin and tobramycin. Fibroblasts were treated with two drug concentrations (75 or 150 mg/ml) and the effect on SMN protein distribution was initially examined by indirect immunofluorescence analysis of nuclear gem levels following 48 h of drug treatment ( Fig. 2A) . Nuclear gem levels have previously been used as a marker to determine a compound's (such as valproic acid, phenyl butyrate and aclarubicin) ability to elevate SMN protein levels in SMA patient fibroblasts compounds (15, 40, 41) .
Treatment of 3813 fibroblasts with gentamycin had no detectable effect on SMN distribution at any concentration examined ( Fig. 2A) . Cells exposed to low concentrations (75 mg/ml) of geneticin, lividomycin and streptomycin resulted in a small increase in gem numbers ( Fig. 2A) . However, higher concentrations (150 mg/ml) of geneticin and lividomycin were toxic, triggering high levels of cell death (data not shown). Similarly, higher concentrations (150 mg/ml) of streptomycin were cytotoxic (data not shown) and resulted in a redistribution of SMN to the nucleolus ( Fig. 2A) . In parallel control experiments, treatment of 3813 cells with valproic acid resulted in higher levels of gems as previously reported (Fig. 2B ) and did not result in increased levels of cell death when compared with untreated controls (data not shown).
Valproic acid is an histone-deacetylase inhibitor that increases SMN protein levels by activating the SMN2 promoter and suppressing the alternative splicing of SMN2 exon 7 (40, 42) . Although valproic acid serves as a positive control for gem formation in these assays, it is likely that mechanisms for SMN induction are different for valproic acid and the aminoglycosides. Similar drug treatments on HeLa cells or an SMA carrier fibroblasts cell line (3814 cells) did not result in detectable increases in gem numbers above untreated controls (data not shown).
Fibroblasts treated with 75 or 150 mg/ml of tobramycin or amikacin resulted in an increase in the number of nuclear gems without the toxicity associated with the previous aminoglycosides ( Fig. 2A) . The elevated gem numbers were detectable 48 h after exposure to either aminoglycoside ( Fig. 2A) . The increased number of gems observed following tobramycin or amikacin treatment was not due to a general cellular response because the frequency of other nuclear bodies such as Cajal bodies and interchromatin granules (as identified by p80 coilin and Sm core protein staining, respectively) appeared normal following amikacin or tobramycin treatment in 3813 cells (Fig. 2C) . Cytoplasmic levels of Gemin2, an SMN-interacting protein (17, 18, 43) , were qualitatively elevated following treatment with amikacin or tobramycin, although Gemin2 did not localize within gems during the time points that were analyzed (data not shown).
Following a 48 h treatment with amikacin or tobramycin, elevated gem levels were maintained even after growth in drug-free media for 48 h, although gem counts were not as high as in cells that were examined immediately following the 48 h drug treatment (Fig. 3) . Following treatment with amikacin, time points .48 h in drug-free media resulted in low gem numbers similar to untreated levels (Fig. 3) . When cells were treated for 48 h with tobramycin, and then re-fed with drug-free media, fewer fibroblasts displayed nuclear gems; however, some cells contained more than 10 gems per nuclei (Fig. 3) . The induction of high gem numbers was maintained for up to 96 h after a 48 h treatment with tobramycin (Fig. 3) .
Although geneticin, gentamicin, lividomycin and streptomycin resulted in only modest increases in gem levels or were highly toxic, the following experiments focused upon amikacin and tobramycin. Consistent with an elevation in gem numbers, treatment of 3813 cells with tobramycin and amikacin for 48 h resulted in higher total cellular levels of SMN protein as determined by western blot (Fig. 4) . The steady-state levels of SMN protein following tobramycin and amikacin treatment were similar to those achieved with the treatment of valproic acid (Fig. 4) (40,42) .
To quantify the effect of amikacin and tobramycin on increasing gem numbers in 3813 cells, gem counts were carried out in the presence and absence of each aminoglycoside. Cells were cultured for 48 h in the presence of amikacin or tobramycin, then the drug was removed and gem counts were evaluated at 24 h time points up to 96 h. At each time point, gem counts were carried out in excess of 100 cells. Each experiment was performed in triplicate and the average number of gems per 100 nuclei at each time point was compared (Fig. 5) . As expected and consistent with previously published work (11, 13) , fewer than 10 gems per 100 nuclei were observed in the untreated 3813 cells. After 48 h in the presence of amikacin (150 mg/ml), 120 gems per 100 nuclei were recorded, consistent with gem numbers observed in normal unaffected fibroblasts (43) (data not shown). Gem counts were still significantly elevated even 24 h after the removal of amikacin, after which time the number of gems observed decreased (Fig. 5) .
Exposure to tobramycin for 48 h elevated gem numbers to 120 gems per 100 nuclei (Fig. 5) , similar to gem numbers observed in normal unaffected fibroblasts (43) (data not shown). Elevated gem levels were also observed 48 h after the removal of tobramycin (100 gems per 100 nuclei). Gem totals were still elevated but reduced to 70 gems per 100 nuclei, 72 h after removal of tobramycin. Surprisingly, 96 h after removal of tobramycin, gem totals recovered markedly, resulting in an average of 110 gems per 100 nuclei (Fig. 5) . On studying the effects of these two drugs on gem numbers, a clear distinction was detected: amikacin increased the total gem counts by mainly increasing the number of cells expressing relatively normal gem levels (one to five gems per nuclei), whereas tobramycin also appeared to increase the number of nuclei expressing abnormally high gem numbers (10 or more gems per nuclei). In a parallel dose-curve of amikacin and tobramycin (1, 10, 25, 75 and 150 mg/ml), SMN was increased in the cytoplasm as low as at 10 mg/ml, whereas increased cytoplasmic SMN and low levels of nuclear gems were detected at 25 mg/ml for each drug (data not shown).
In the previous experiments, average gem counts were calculated based on total gem numbers in 100 nuclei, therefore in tobramycin-treated cells, the relatively few cells expressing high levels of gems would increase the total gem number for a population of cells examined. To obtain a more thorough analysis, gem counts were determined by calculating the number of gems in individual cells at each time point (Fig. 6) .
As expected, ,10% of untreated 3813 cells contained gems. In contrast, treatment with amikacin or tobramycin for 48 h resulted in 50% of cells with at least one gem (Fig. 6A) . In amikacin-treated 3813 cells, this effect was maintained for up to 48 h culture in the absence of aminoglycoside ( Fig. 6B and C) . After the 48 h time point in drug-free media, ,15% of amikacin treated cells contained detectable gems. By 96 h in drug-free media, the effect of amikacin had diminished and 94% cells did not contain gems, and of those that 2 and 3 , respectively) were analyzed by western blot with an anti-SMN mouse monoclonal antibody (4F7) and visualized by chemiluminescence. The blot was stripped and re-probed with an anti-actin rabbit polyclonal antibody as a loading control.
did, none contained more than two gems per nuclei ( Fig. 6D and E). Treatment with tobramycin, however, resulted in a quantitatively higher number of gems that was sustained for a longer period of time even after tobramycin was removed. After 48 h culture in the absence of tobramycin, 30% of cells examined still contained at least one gem, and after 96 h this number had decreased to 25% cells (Fig. 6B -E) , suggesting that tobramycin treatment had a more prolonged effect on the population of treated cells as a whole.
DISCUSSION
SMA develops because the primary transcript from the SMN2 gene encodes the SMND7 protein, a defective and unstable protein that is not capable of compensating for the reduced levels of full-length SMN (5) . Although a motor neuronspecific role for SMN exon 7 has not yet been defined, its deletion results in a protein defective in nearly every biochemical property ascribed to the full-length protein (19, 23, 25, 28, 29, 44) . A five amino acid motif within exon 7, QNQKE, has been shown to act as a cytoplasmic targeting sequence (29) . Here, we conclusively demonstrate that this sequence is not required for the cytoplasmic targeting of the SMN protein. We also demonstrate that the non-functional nature of the SMND7 protein is not due to nuclear retention, as the four amino acids encoded by exon 8 present in the SMN2-derived SMND7 protein facilitates cytoplasmic and nuclear localization. Additionally, either the size or the amino acid composition of C-terminal domain fused to the 3 0 end of exon 6 altered the distribution of the mutant SMN constructs in HeLa or 3813 cells: all SMND7 derivatives were enriched in the cytoplasm and present in the numerous nuclear gems. Collectively, these results imply that the physical presence of the C-terminal peptide stabilizes the exon 6 domain, enabling correct protein folding, and therefore, resulting in the formation of functional SMN oligomers. Although it is clear that the QNQKE motif present within SMN exon 7 can function as a heterologous cytoplasmic targeting motif (29), our results and recently published results demonstrate that QNQKE is sufficient, but not necessary, in mediating SMN subcellular distribution patterns (30) . Because SMN missense mutations have been identified at the extreme 5 0 end of exon 7 (amino acid 279) (45) , it is possible that there are some SMNrelated functions that require specific exon 7 sequences or that the missense mutations result gross SMN protein defects.
Because essentially all SMA patients retain at least one copy of SMN2, the native SMN2 gene and its transcripts have been perceived as ideal candidates for therapeutic intervention. At present, high throughput screens are focused towards two different mechanisms: (1) increasing total expression from SMN2 by elevating SMN2 promoter activity; and (2) increasing the SMN-FL/SMND7 ratio from SMN2 by suppressing the alternative splicing event that excises SMN exon 7 from the majority of SMN2-derived transcripts (46) . Recently, a number of compounds, including several histone-deacetylase inhibitors, have been identified that increase SMN protein levels in cultured cells (15, 40, 41, 47) . Presumably, many of these compounds are functioning through similar mechanistic pathways; however, the specific mode of action for these compounds regarding SMN activation is currently unknown. Other compounds have also been identified, including indoprofen, a non-steroidal anti-inflammatory drug; however, the mode of action is currently unclear (46) .
Aminoglycosides are a class of antibiotics that are widely used in the treatment of bacterial infections. Their mode of Figure 5 . Gems counts per 100 nuclei of aminoglycoside treated SMA type I patient fibroblasts. Fibroblasts were cultured for 48 h in the presence of tobramycin (150 mg/ml) (black) or amikacin (hatched) (150 mg/ml) or in the absence of aminoglycoside antibiotic (white). SMN distribution was detected at 0, 24, 48, 72 and 96 h post-treatment using an anti-SMN antibody (1: 50) and average gem count per 100 nuclei was calculated at each time point. action is based on interfering with the prokaryotic ribosomes. In eukaryotes, several members of the aminoglycoside family have also been shown to disrupt the fidelity of the translation machinery by allowing the misincorporation of an amino acid at a stop codon. These compounds have been able to suppress termination of various reporter constructs and endogenous genes (31,32,34,36 -39,48 -50) . Notably, functionality was partially restored in the mdx mouse-a mouse model for Duchenne muscular dystrophy-and in a cystic fibrosis murine model (31, 39) . In these instances, a premature termination codon within the dystrophin or CFTR gene was suppressed by treatment with gentamicin and levels of each respective full-length protein were increased in a dose-dependent manner. To date, no clinical trials in humans have achieved this level of success (32) .
In vitro studies have indicated that different aminoglycosides have varied capacities to suppress stop codon incorporation (34) . This is based on the specific sequence of the stop codon (UAA versus UAG versus UGA) and the sequence context surrounding the stop codon. These results are not exhaustive; however, it is clear that not all aminoglycosides will suppress all stop codons equivalently, and these differences can be partially attributed to sequence preferences (34) .
This class of drugs was initially envisioned as an ideal treatment for diseases, such as cystic fibrosis and Duchenne muscular dystrophy, because a large number of these patients have premature stop codons in the respective disease-causing genes; however, success has largely been limited to tissue culture models and in vitro experiments. One significant caveat to consider in these experiments is that the premature termination codons not only interfere with protein expression, but also likely reduce the half-life of the RNA target by evoking regulatory responses such as nonsense-mediated decay (51, 52) . Nonsense-mediated decay is believed to be a surveillance mechanism that results in rapid turnover of RNA transcripts that contain premature termination codons. Therefore, in diseases such as cystic fibrosis, the aminoglycoside will likely need to suppress the stop codon, but it may also need to overcome a rapidly degrading mRNA template.
In contrast, the transcripts generated from SMN2 should not be considered aberrant RNA species. Probably, SMN1 and SMN2 should be viewed as completely separate genes that have their own unique splicing patterns and regulatory mechanisms. Although the C/T exchange is not an actual de novo point mutation, the C/T difference is a non-polymorphic nucleotide difference between two independent genes, and it is therefore not surprising that the C/T transition in SMN exon 7 does not alter the stability of the mRNA (5,6). Therefore, in the SMN context, there is a distinct advantage when compared with previously examined gene products, regarding the potential effectiveness for read-through of the normal SMND7 stop codon.
Here, we identify an alternative approach to increasing SMN protein levels that likely involves altering the fidelity of the translational machinery to misidentify the initial stop codon in exon 8 and produce an elongated SMN2 protein containing the nine amino acids encoded by exon 8. An alternative hypothesis to the previously described read-throughinducing activity of aminoglycosides is that SMND7 protein may accumulate in SMA patient fibroblasts due to an indirect effect of aminoglycoside treatment, potentially by inhibiting the protein degradation process. A recent report demonstrated that treatment with the proteosome inhibitor MG132 resulted in an increase in SMN levels in SMA patient fibroblasts (53) . Experiments are currently being performed to differentiate between a read-through event and an indirect effect such as interference with the general proteosome pathway.
The read-through effect of aminoglycoside antibiotics has been shown to be sequence and context specific (34, 37, 54) , therefore we tested the effect of a panel of aminoglycosides on SMN distribution in type I SMA patient fibroblasts (3813 cells). From this panel of antibiotics, amikacin and tobramycin quantitatively increased gem numbers and total SMN protein levels in 3813 cells. Previous studies have used an increase in gem count in 3813 cells in response to drug treatment as an assay of the presence of functional SMN (15, 40, 41) . Importantly, amikacin and tobramycin did not induce detectable levels of cytotoxicity at the concentrations examined. Additionally, even after the removal of the drug, gem levels in some cells remained significantly elevated for up to 4 days. As expected, the increase in SMN protein observed in these studies was not due to an alteration in splicing patterns as determined by RT -PCR analysis (data not shown). Therefore, aminoglycoside treatment likely causes the read-through of the SMND7 stop codon in exon 8, conferring additional stability to the unstable SMND7 product. The possibility exists, however, that SMN has multiple functions and that stabilization of the C-terminus only restores a subset of these activities. For example, restoration of the nuclear function of SMN may allow for the accumulation of SMN protein in gems; however, an axon-specific activity that is directly relevant to SMA may not be restored by the introduction of an artificial C-terminus. Comparison of the chemical structure of gentamicin and tobramycin highlights their similarities (Fig. 7) . Current experiments are being performed to determine the domains of these and related compounds that are specifically required for inducing elevated SMN levels. Because amikacin and tobramycin do not alter SMN exon 7 pre-mRNA inclusion/exclusion ratios, this raises the possibility of combining treatments that elevate SMN levels through distinct mechanisms. The ability of members of this family of FDA-approved antibiotics to potentially confer function to the SMN2 primary product, SMND7, provides an alternative mechanism to consider in the search for SMA therapy.
MATERIALS AND METHODS
Generation of SMN constructs
Full-length SMN cDNA was cloned into a modified pCI (Promega) vector containing an N-terminal HA-tag as previously described (27) . A panel of SMN C-terminal mutants were generated from this template using QuickChange Site Directed Mutagenesis Kit (Stratagene) according to the manufacturer's instructions. Each mutant construct was confirmed by sequencing.
Production of antibodies
Full-length his-tagged SMN or the C-terminal 40 KDa of p80 coilin recombinant protein was expressed from pET32A in Escherichia coli strain Rosetta and purified on a Ni-NTA column as previously described (43) . Monoclonal antibodies were produced by immunization of BALB/c mice and fusion of spleen cells with Sp2/0 myeloma cells. Positive hybridoma supernatants were screened by ELISA, western blot and immunofluorescence microscopy (nuclear Cajal body staining on HeLa cell lines). Hybridoma cell lines were cloned to homogeneity by limiting dilution. Clone 4B7 was used in western blot analysis at a dilution of 1 : 100.
Cell culture and immunohistochemistry
HeLa cells and SMA type I patient fibroblasts (3813) (11) were plated on coverslips and grown in Dulbecco's modified Eagle's medium (DMEM) medium (Invitrogen) containing 10% (v/v) fetal calf serum and antibiotics. After 4 h, cells were transfected with 0.5 mg cDNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Following an additional 24 h incubation, transfected cells were washed three times with phosphate-buffered saline (PBS), before fixing with 1 : 1 acetone/methanol. Immunohistochemistry staining was carried out as previously described (44) using either anti-HA antibody (Santa Cruz) diluted 1 : 50, MANSMA1 (43) diluted 1 : 10 or a commercially available anti-SMN antibody (BD Translabs) diluted 1 : 50. Anti-SMN antibody 4B7 was also used to confirm the results (data not shown). Target proteins were visualized using FITC-conjugated secondary antibody (Sigma). Cell nuclei were counterstained with 4 0 ,6 0 -diamidino-2-phenlindole (DAPI).
Aminoglycoside treatment
SMA type I fibroblasts (3813) were plated on cover slips and grown in DMEM medium (Gibco) containing 10% (v/v) fetal calf serum and antibiotics for 24 h. Cells were washed with PBS and re-fed with DMSO containing aminoglycoside antibiotics (Sigma) diluted to the indicated concentration (75 or 150 mg/ml). In prolonged treatment experiments, the medium containing freshly diluted aminoglycoside was changed every 24 h. For cells used in western blot analysis, cells were plated at 80% confluency in six-well dishes and treated for 48 h. Fresh drug-containing media was replaced every 24 h. An aliquot of 150 mg/ml of valproic acid, amikacin and tobramycin correspond to 0.902, 0.191 and 0.320 M, respectively.
Gem count values presented represent three separate experiments. In each instance, cells were initially identified by DAPI staining not by the presence or the absence of SMN and gems. Only, after a field of view was obtained was the SMN/FITC channel observed. The DAPI field was done randomly across a large number of treated cells, providing an unbiased assessment of gem numbers throughout the cell population.
Western blot analysis
HeLa, 3814 or 3813 cells (treated or untreated) were plated at 80% confluency in three wells from a six-well plate. Cells were washed and fresh media was added with freshly prepared amikacin or tobramycin (or untreated, as indicated), 12 h later and incubated for 24 h at which time fresh drug-containing media was replaced and cells were incubated an additional 24 h. Cells were harvested in lysis buffer 48 h after initiation of drug treatment (27) and the three wells were pooled and run in a single lane on a SDS -PAGE gel. Anti-SMN antibody 4B7 was used in western blot analysis at a dilution of 1 : 100 to identify SMN in cellular extracts from treated and untreated cells and the membranes were subsequently stripped and re-probed with an anti-actin (Santa Cruz) polyclonal rabbit antibody at 1 : 300 dilution. Probes were visualized by chemiluminescence using the Pierce SuperSignal Pico reagents.
